Fructooligosaccharides from chicory (FOSC) are functional prebiotic foods recognized to exert several well-being effects in human health and animal production, as decreasing blood lipids, modulating the gut immune system, enhancing mineral bioavailability, and inhibiting microbial growth, among others. Mechanisms of actions directly on cell metabolism and structure are however little known. In this sense this work was targeted to investigate the interaction of FOSC with biomimetic membranes (liposomes and supported bilayer membrane; s-BLM) through cyclic voltammetry, impedance spectroscopy, spectrofluorimetry, and microscopy. FOSC was able to disrupt the membrane structure of liposomes and s-BLM from the onset of molecular pores induced on it. The mechanism of interaction of fructans with biomimetic membranes suggests hydrogen bonding between the polyhydroxylated structure of the oligosaccharides and the negative polar group of L--phosphatidylcholine (PC) present in both liposomes and s-BLM.
Introduction
As stated almost two decades ago, prebiotics are considered a nondigestible food ingredient that beneficially affects the host by selectively stimulating the growth and/or activity of one or a limited number of bacteria in the colon and thus improving host health [1] . A prebiotic group largely studied is the chicory fructooligosaccharides (FOSC). FOSC are fructans (carbohydrates with a great extent of fructosylfructose links) extracted on a commercial basis from the chicory root, namely, the Compositae family (Cichorium intybus) [2] . FOSC are also present in several fruits and vegetables species and are produced by transfructosylation of sucrose. These compounds comprise a functional food group containing mixed -D-fructans with two to four (2-1) linked fructosyl units displaying a terminal -D-glucose residue, as kestose, nystose, fructosylnystose, and fructofuranosylnystose, among others [3] . FOSC differs from inulin, a well-known fructan of a high degree of polymerization (DP), as well as oligofructose, a small FOS (DP about 5) produced during endoglycolitic hydrolysis of inulin. FOSC are considered to arrive the human gastrointestinal tract almost without hydrolysis, being a carbon source for short-chain fatty acids by bifidobacteria and lactobacilli living into the lumen [4] . Some properties of FOSC, as their nondigestible and fermentable nature, as well as their sweetening power and low caloric value, make them attractive to be used in pastry, confectionery, and dairy industries [5] . Moreover, both FOSC and inulin are also known as uniquely (2-1) fructans with recognized prebiotic activities [3] . The reported beneficial effects of oral intake of FOSC include the improvement of gastrointestinal metabolism together with short-chain fatty acid production, promotion of mineral absorption and enhancement of bone calcium bioavailability [6] , reduction of serum lipids acting as ROS scavenger in gut [7] , modulation of immune system [5] , and antimicrobial activity against a large broad of pathogenic strains [4] . Although FOSC is recognized to inhibit cellular responses at diverse levels [8, 9] , little is known about their molecular mechanisms directly involved in cell metabolism or structure [10, 11] , as their plausible interaction with cell membranes. In this goal, this work tests the molecular effects of FOSC against biomimetic 2 International Journal of Electrochemistry membranes, using reconstituted liposomes and supported bilayer membranes (s-BLM) as target models.
Material and Methods

2.1.
Reagents. L--Phosphatidylcholine (PC) from fresh egg yolk, fructooligosaccharides from chicory (FOSC), and cholesterol were of the highest obtainable purity and were supplied by Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were of the highest quality as possible and all chemicals were used without further purification. The water used in all experiments was twice distilled.
Supported Lipid Bilayer
Formation. The formation of sBLMs on a Pt electrode has been conducted as reported before [12] [13] [14] . Briefly, L--phosphatidylcholine (PC) was dissolved in chloroform at 20 mg/mL of final concentration and cholesterol (CH) at 7 mg/mL (BLM solution). A working Pt electrode (0.50 mm diameter) was first polished with sand paper, followed by alumina slurry on polishing cloth. Then it was sonicated in pure water for 2 min, rinsed, and immersed in a solution of 1.0 mol/L H 2 SO 4 . Cyclic voltammetry was performed after Pt electrode activation in 1 mol/L H 2 SO 4 . The Pt electrode was immediately taken out, rinsed with pure water again, and sonicated with a highly power supersonic wave generator in water and ethanol bath for 5 min. Following 5 L of BLM forming solution was dropped on the electrode surface. The electrode was then rinsed again with redistilled water to remove chloroform traces and transferred into a 0.1 mol/L KCl solution for 20 min, in which the supported lipid layer was formed spontaneously [15] . All experiments were conducted in triplicate.
Liposome Preparation.
The procedure was done following S. Basu and M. Basu [16] . In short, a chloroform solution containing PC at 10 mmol/L was evaporated in test tubes to dry with argon, following evacuation for 60 min for total remotion of the solvent. Subsequently, the film was hydrated in sodium phosphate buffer 0.1 mol/L pH 7.4 or 10 mmol/L dopamine solution after complete dispersion at room temperature (DA-liposome). Then, the multilamellar vesicles produced were ultrasonicated in water bath for 1 min and sized by extrusion through Sephadex G-50. This last procedure was conducted whenever 10 mmol/L dopamine was mixed with PC solution for dopamine incorporation (DA-liposome). The eluted volume was measured by spectrofluorimetry to avoid dopamine freely available in solution. The liposome structure was confirmed by phase contrast and fluorescence microscopy with Rhodamin B with a Nikon Eclipse 80i (Nikon Co., Tokyo, Japan).
Electrochemical Assays.
Cyclic voltammetry (CV) was performed on a potentiostat-galvanostat instrument PG-39MCSV (Omni Metra Instr. Cient. Ltda, RJ, Brazil). The apparatus used for electrochemical impedance spectroscopy (EIS) was composed of Autolab with potentiostat/galvanostat working station 128 N and the Frequency Response Analysis System Software, FRA (Metrohm Autolab B.V., The Netherlands). Impedance measurements were performed from 100 kHz to 420 mHz with a signal amplitude of 10 mV. The experiments were carried out with a three-electrode system composed of an Ag/AgCl (KCl-saturated) as reference electrode and a platinum wire (0.5 mm diameter) as the counter electrode. The working electrode comprised a Pt disc of 0.5 mm diameter melted in a glass tube. EIS runs were performed in the presence of 1 mmol/L Fe(CN) 6 3−/4− as a redox probe contained in 0.1 mol/L KCl as support solution and at a system potential of E 0 of 235 mV. The working electrode was cleaned before use with MaxiClean 1400 (Unique Ind. Com. Ltda, SP, Brazil). The experiments were conducted at room temperature.
Spectrofluorimetry of Liposomes.
The action of FOSC against reconstituted liposomes containing dopamine was also monitored by spectrofluorimetry [17] . The fluorescence measurements were performed with a Cary Eclipse spectrofluorophotometer (Varian, Australia) with a 10 mm quartz cuvette at an excitation wavelength of 279 nm. The fluorescence emission spectra were recorded in the 300-400 nm wavelength range with a 5 nm bandwidth. Spectrofluorimetric runs were carried out after 5 min of preincubation of liposomes with 5 mmol/L SDS (sodium dodecyl sulfate) or FOSC (up to 7.5 mg/mL).
Data Analysis.
All of the experiments were conducted in triplicate. The data are expressed as the means ± SE. Statistical analysis was done with the free computing environment R (R Core Development Team) [18] .
Results and Discussion
Characterization of s-BLM and Study of Interaction of Fructans on the Pt Electrode for EIS.
Surface-modified electrodes can also be assessed by electrochemical approaches as EIS and CV [19] . In this sense, EIS was carried out aiming to get further information about s-BLM integrity upon the action of tested FOS. The complex impedance can be presented as the sum of the real, re , and imaginary, im , components that are originated mainly from the resistance and capacitance of the cell, respectively (Nyquist plot [14] ). The resulting data can be analyzed by a relatively equivalent Randles circuit consisting of an ideal and nonideal electrical analogs to the real physical and chemical processes, a theoretical abstraction of an interfacial system [20] . Figure 1 illustrates the results of impedance spectroscopy measurements on the bare electrode, whereas Figure 2 frequency region (Figure 1 ). This finding suggests a kineticdriven control for the faradaic current produced from voltage excitation [15] . On the other side, a random motion of redox species around the interfacial region seems to have appeared, as observed by the unitary slope of Nyquist plot (Figure 1 ) in the low frequency region of spectra [21] . , suggesting an effectiveness of s-BLM on prevention of the redox probe from accessing the electrode [20, 22] . Furthermore this result suggested a Warburg-like mass transfer impedance occurring in the low frequency portion, which indicated that s-BLM after interaction was deficient to eliminate electron transfer between Fe(CN) 6 4−/3− and the covered electrode [23] . This result suggests a s-BLM as having a fractal surface with defects permeating through membrane to the electrode after fructans binding. A major difference in the spectra however can be observed whenever the s-BLM was treated with FOSC ( Figure 2(b) ), with the presence of one semicircle at higher frequency and another one in the average frequency of the spectra. This finding is expected when a resistive film is present on electrode surface and with higher impedance values [21] . The two capacitive arcs can be hardly separated, as the nearness of two time constants for the capacitors. At higher frequencies the data suggest the presence of another membrane behaviour, whereas at medium frequencies, an interfacial contact with the electrode solution due to the s-BLM pores. A prevention of the electron-ion probe transfer can also be attested from the observed semicircle in the modified electrode. A relatively equivalent circuit model consisting of ideal and nonideal electrical analogs of the physical-chemical process has been chosen from several electrical models to the impedance data to extract the circuit components [12-14, 24, 25] . Hence, the modified Randles equivalent circuit, similar to that presented by Huang et al. [12] , has fitted better the measured data (Figure 2, inset [12, 13, [24] [25] [26] .
From these findings, a Warburg impedance highlights the presence of molecular pores in the s-BLM structure [24] . Furthermore, defects in s-BLM related to monolayers can be assigned to the resistance values merging the capacitors. From the value found in this work, close to the ones published before [24, 27] , the thickness of the biomimetic membrane can be estimated according to Du et al. as follows [25] :
where 0 is the dielectric permittivity of free space ( 0 = 8.85× 10 −14 F⋅cm −1 ) and is the dielectric permittivity of the lipid ( = 2.05, [13] ). From (1) a value of 11.3 nm for the thickness of the lipid membranes, close to range of 4-10 nm, was found and observed for phosphatidylcholine bilayers [27, 28] . 6 4−/3− as ion probe [29, 30] was carried out to examine the s-BLM integrity upon challenge with FOSC. Figure 3 The s-BLM is considered a highly effective barrier for electron transfer between the bulk and the electrode surface. In this sense, a pair of well-defined reversible waves can be visualized for bare Pt [31] , with decreasing current signal as s-BLM is formed on the electrode surface up to the disappearance of both redox peaks (Figure 3(b) ) [27, 28, 32] . 1 : 1). The resulted voltammograms are displayed in Figure 4 . As expected, no voltammetric peaks were found in the absence of FOSC (Figure 4(a) ). However, when the fructans were preincubated with s-BLM a faradaic current due to the probe transport to the electrode surface appeared for different times (Figure 4, (b)-(f) ). These results evoke membrane defects arising around 5 min after preincubation with the fructans and can be explained by adsorption of FOSC molecules [12] and/or rearrangement of s-BLM structure [13] .
Characterization of s-BLM on the Electrode Surface by Cyclic Voltammetry. Cyclic voltammetry with Fe(CN)
Preincubation Effects of Fructans
Aiming to test the hypothesis of the reappearance of faradaic current as due to pore formation in Pt-s-BLM, we have used the treatment of Amatore et al. [33] for partially blocked electrodes. According to this theoretical approach, the half-wave potential of a limiting current ( lim ) of a bare electrode can be represented by the standard potential of a redox couple in a pure diffusion-controlled electron transfer. The relationship between the fractional coverage of electrode ( ) and lim can then be given by [28] 
where is the average radii of active pinhole sites, is the Faraday constant, is the surface area, is the concentration of oxidant or reductant (mol⋅dm 3 ), and is the diffusion coefficient. This approach resulted in pore radii for s-BLM FOSC-induced 33Å [34] .
Concentration Effects of FOSC on s-BLM.
After interaction of the fructans with s-BLM, increasing redox peaks due to Fe(CN) 6 4−/3− could be attained in 0.1 mol/L KCl solution, as depicted in voltammograms at Figure 5 . The peak separation decreased and peak current increased with increasing fructans concentration. Nevertheless, below 2.5 g/L of FOS, no faradaic current for the marker ion was observed (data not shown).
To evaluate the electron transfer rate in the presence of the fructans, the Tafel approach [32] 2 = 0.988), revealing 47.7 ± 3.5% of the anodic peak current obtained for FOS, as compared to the unmodified electrode [13] . These increased values found for Ks suggest an increased surface area for charge transfer on the electrode surface with fructans binding [23] , possibly inducing some active sites to Fe(CN) 6 4−/3− ions through the pores of s-BLM [23] . Although there are other mechanisms proposed in the literature to explain membrane defects from electrochemical responses of s-BLMs with active molecules, the data of EIS and CV presented in this work indicate a most probable formation of pores fructan-induced on the surface of s-BLM, leading to decreased membrane resistivity to the probing molecules [14, 23, 25, 28] . These results can also discard stabilization on s-BLM induced by adsorption [25] , as there was no evidence for current peak decrease simultaneously to the increase in ΔEp values [25] . Moreover, the similar ion permeability for the redox Fe(CN) 6 4−/3− couple through s-BLM (unitary ipa/ipc ratio, Figure 5 ) also discards the possibility of an ionophorelike action and channel formation for the tested fructans [35, 36] . Hence, a surfactant-like effect [12, 37, 38] can be proposed to explain the mechanism of interaction between FOSC and s-BLM. This mechanism is similar to those reported for some active peptides [39] and classical surfactants [37, 39] . This binding model is also supported by the hydrogen bonding found between the polyhydroxy groups of carbohydrates and the phosphate head groups of phospholipids, as studied from IR spectroscopy [40, 41] . In this sense, it is believed that the polyhydroxylated sugar replaces water and keeps the lateral spacing between lipid polar head groups in the dry state, thereby minimizing van der Waals interactions of the hydrocarbon chains [41] .
Action of FOSC on Prepared
Liposome. Aiming to test the action of FOSC in another membrane model, liposomes containing dopamine (DA-liposomes) as a fluorescent probe were prepared and monitored against FOSC by fluorimetry and microscopy. The increase in fluorescence intensity, which is related to the dopamine release in liposome suspensions (DA-liposome) treated with SDS as control or FOS, was measured following the relation below [42] : where % is the percentage of the signal increase from dopamine release, is the fluorescence of liposome dispersions, is the background fluorescence, is the fluorescence after addition of SDS or FOSC, and is the background fluorescence after addition of these compounds. Figure 6 presents the results obtained after preincubation of DAliposomes with 5 mmol/L SDS or 7.5 mg/mL FOSC. The prebiotic oligosaccharide was able to increase the fluorescence intensity in solution up to 62 ± 2% from the basal level, close to the value presented for the surfactant SDS. This finding suggests a FOS-induced membrane rupture occurring with the liposomes, releasing dopamine molecules freely in the solution.
The direct action of FOSC on s-BLM structure can also be corroborated with both fluorescence and phase contrast photomicrography obtained for the treatment of the reconstituted liposomes, as presented in Figure 7 . Rhodamin B stained regular liposomes (arrowheads) before FOS treatment under fluorescence (a) and phase contrast (b) microscopy. After FOSC treatment, the liposomes become irregularly shaped (arrowheads) and disrupted (arrows) under fluorescent Rhodamin B (c) and phase contrast microscopy (d).
Conclusion
We have studied the interaction of fructooligosaccharides from chicory with two biomimetic models of membrane, supported bilayer membrane, and reconstituted liposomes, by means of electrochemical, spectroscopy, and microscopy techniques. The overall results suggest that the mechanism of interaction seems to involve some hydrogen bonding between carbohydrate and the phosphate head group of the phospholipids, leading to the appearance of progressive pinholes on the biomimetic membranes, up to a complete disruption of the membrane structures. This mechanism of action directly on a membrane model could provide some thoughts to the biological activity of prebiotics.
